In order to study the mechanism and parameters of hydrogen diffusion in the hexagonal ͑C14-type͒ Lavesphase ZrMn 2 , we have performed quasielastic neutron scattering measurements for ZrMn 2 H 3 over the temperature range 10-390 K. It is found that the diffusive motion of hydrogen in this system can be described in terms of at least two jump processes: a fast localized H motion with the jump rate l −1 and a slower process with the rate d −1 associated with H jumps leading to long-range diffusion. The temperature dependence of d
I. INTRODUCTION
Hydrogen diffusion in Laves-phase intermetallic compounds AB 2 shows a number of interesting features including high H mobility down to low temperatures, unusual isotope effects, and a coexistence of two frequency scales of H jump motion. 1 For the cubic ͑C15-type͒ Laves phases, the microscopic picture of H jumps and the systematics of the two frequency scales of H motion are well understood. [1] [2] [3] [4] [5] In most of the studied cubic Laves phases where H atoms occupy only tetrahedral interstitial sites of g type ͑A 2 B 2 ͒, the faster jump process corresponds to the localized H motion within the hexagons formed by g sites, and the slower process ͑lead-ing to long-range diffusion͒ is associated with H jumps from one g-site hexagon to another. The difference between the characteristic frequencies of these jump processes is believed to result from the difference between the g-g distances r 1 ͑within the hexagon͒ and r 2 ͑between the nearest hexagons͒.
In contrast to the cubic Laves phases, the information on hydrogen diffusion in the hexagonal ͑C14-type͒ Laves phases is still fragmentary. The mobility of hydrogen has been studied in C14-type Ti 1 13 In all these systems, H mobility is found to be very high. For example, the measured hydrogen diffusion coefficient in ZrCr 2 H 0.5 is about 5 ϫ 10 −7 cm 2 / s at 300 K. 12 However, the atomic-scale mechanism of H jump motion in C14-type compounds has not been elucidated thus far. Both the frequency and spatial scales of H jump motion can be probed by quasielastic neutron scattering ͑QENS͒ measurements. 14, 15 While previous results of QENS experiments on C14-type Ti 1.2 Mn 1.8 H 3 , 6 ZrCr 2 H 0.5 , 12 and HfCr 2 H 0.74 ͑Ref. 13͒ suggest a coexistence of at least two H jump processes with different characteristic rates, no definitive conclusions about the nature of the faster jump process in these systems have been made. This can be related to the following factors. ͑1͒ The sublattice of interstitial A 2 B 2 sites in C14-type Laves phases is more complex than that in C15-type Laves phases. Therefore, more complex models may be required for analysis of the QENS data. ͑2͒ The range of the neutron momentum transfers in Refs. 6, 12, and 13 was insufficient to distinguish unambiguously between different models of localized H motion. The aim of the present work is to study the microscopic picture and the parameters of H jump motion in C14-type ZrMn 2 H x using QENS measurements over a wider range of the neutron momentum transfer.
The intermetallic compound ZrMn 2 is known to have some unusual physical properties. 16 It can also absorb large amounts of hydrogen ͓up to 3.6 H atoms per formula unit ͑Ref. 17͔͒. According to neutron diffraction measurements, 18 at room temperature, the deuteride ZrMn 2 D 3 retains the hexagonal C14-type host-metal lattice ͑space group P6 3 / mmc͒, and D atoms randomly occupy four types of tetrahedral interstitial sites formed by two Zr and two Mn atoms. Below T Ϸ 230 K, the neutron diffraction experiments 19 have revealed an ordering of D atoms in ZrMn 2 D 3 . The ordered distribution of D atoms in the low-temperature phase has not been elucidated; 19 however, the metal atoms are found to retain the undistorted C14-type structure. The neutron diffraction measurements 19 are also consistent with a secondorder magnetic phase transition in ZrMn 2 D 3 at T Ϸ 175 K. In the present work, we report the QENS results for ZrMn 2 H 3 over the temperature range 225-390 K. These results are compared with those for other Laves-phase hydrides.
II. EXPERIMENTAL DETAILS
The ZrMn 2 compound was prepared by arc melting highpurity Zr and Mn in a helium atmosphere. The resulting single-phase intermetallic was found to have the hexagonal C14-type structure with the lattice parameters a = 5.037 Å and c = 8.275 Å. Small pieces of ZrMn 2 were hydrogenated in a Sieverts-type vacuum system. After annealing the sample in vacuum at 650°C for 1 h, H 2 gas at the pressure of 1.8 bar was admitted to the system, and the sample was then slowly cooled down to room temperature in a hydrogen atmosphere. The amount of absorbed hydrogen ͑3.0± 0.1 H atoms per formula unit͒ was determined from the pressure drop in the calibrated volume of the system. According to x-ray diffraction analysis, the ZrMn 2 H 3 sample is a singlephase compound with the C14-type host lattice and the lattice parameters a = 5.418 Å and c = 8.817 Å. These values of the lattice parameters are close to those reported earlier for ZrMn 2 D 3 . 18, 19 QENS measurements were performed on the Fermichopper time-of-flight spectrometer ͑FCS͒ and on the diskchopper time-of-flight spectrometer ͑DCS͒ at the NIST Center for Neutron Research. The temperature dependence of QENS spectra S exp ͑Q , ͒ ͑where ប is the energy transfer and បQ is the elastic momentum transfer͒ was measured in the range 225-390 K using FCS with the incident neutron wavelength = 4.8 Å. For this configuration, the energy resolution was 145 eV ͑full width at half-maximum͒, and the Q range studied was 0.58-2.42 Å −1 . At two temperatures ͑T = 250 and 360 K͒, QENS spectra were also measured using FCS with = 4.08 Å and DCS with = 3.0 Å. These measurements allowed us to extend the Q range probed to higher values. The energy resolution and the Q range were 255 eV and 0.68-2.85 Å −1 , respectively for FCS and 200 eV and 0.61-3.78 Å −1 for DCS. The powdered ZrMn 2 H 3 sample was measured in a hollow-cylinder Al container, the sample thickness being 0.3 mm. The sample thickness was chosen to ensure ϳ90% neutron transmission and thus minimize multiple scattering effects. For data analysis, the detectors were binned into nine groups. The scattering angles corresponding to the Bragg reflections were excluded from the analysis. The instrumental resolution functions were determined from the measured QENS spectra of ZrMn 2 H 3 at low temperatures ͑37 K for FCS with = 4.8 Å, 40 K for FCS with = 4.08 Å, and 10 K for DCS with = 3.0 Å͒.
III. RESULTS AND DISCUSSION
A. Quasielastic neutron scattering spectra QENS spectra for ZrMn 2 H 3 measured at T = 225 and 250 K can be reasonably described by a sum of two components: an "elastic" line represented by the spectrometer resolution function R͑Q , ͒ and a resolution-broadened Lorentzian "quasielastic" line. The relative intensity of the quasielastic component is found to increase with increasing Q, its half-width being nearly Q independent. However, at higher temperatures ͑T Ͼ 250 K͒, the description in terms of a sum of an elastic line and a single Lorentzian quasielastic component leads to systematic deviations of the model QENS spectra from the experimental ones. For these temperatures, we have to add a second Lorentzian quasielastic component, so that the experimental scattering function S exp ͑Q , ͒ is fitted with the incoherent scattering function,
convoluted with R͑Q , ͒. Here, ␦͑͒ is the elastic ␦ function, L͑ , ⌫ i ͒ are the Lorentzian functions with the half-widths ⌫ i , and A 0 + A 1 + A 2 = 1. As an example of the data, Fig. 1 shows the QENS spectrum of ZrMn 2 H 3 measured on DCS ͑ = 3.0 Å͒ at T = 360 K and Q = 3.78 Å −1 . At the first stage of the analysis, we have used the model scattering function ͓Eq. ͑1͔͒ with two amplitudes ͑A 0 , A 1 , A 2 =1−A 0 − A 1 ͒ and two half-widths ͑⌫ 1 , ⌫ 2 ͒ being independent fit parameters. This model also improves the description of the QENS spectra measured at T = 225 and 250 K. At all the temperatures studied, the intensity of the broader quasielastic component, A 2 ͑Q͒, is found to increase with increasing Q, and its halfwidth ⌫ 2 appears to be nearly Q independent. Since these features are typical of a spatially confined atomic motion, 14, 15 the broad quasielastic component is attributed to a fast localized H motion with the jump rate l −1 . In this case, the value of ⌫ 2 should be proportional to l −1 , while the Q dependence of A 2 should be related to the geometry of this motion.
The half-width of the narrow quasielastic component, ⌫ 1 , is found to increase with increasing Q and to pass through a broad maximum in the Q range 2.4-3.0 Å −1 . Furthermore, the values of ⌫ 1 rapidly increase with increasing temperature. These features suggest that the narrow quasielastic component originates from a jump process leading to longrange H diffusion. The intensity of the elastic component, A 0 , is found to be small ͑about 9% of the total scattered intensity͒ and nearly Q and T independent. This component can be attributed to the residual elastic contribution due to the scattering on host-metal nuclei and, possibly, on some trapped protons.
Since A 0 and ⌫ 2 appear to be nearly Q independent, at the next stage of the analysis, these parameters have been fixed ͑being equal to their average values at a given temperature͒. Thus, only A 1 and ⌫ 1 remain to be independent fit parameters. In this case, the fitting procedure becomes quite stable. The solid curve in Fig. 1 shows the fit of the threecomponent model ͓Eq. ͑1͔͒ to the data, and the broken curves represent contributions of the different components. Figure 2 also demonstrates the importance of the Q-range extension: the ⌫ 1 ͑Q͒ maximum manifests itself only in the data set corresponding to = 3.0 Å. For parametrization of the ⌫ 1 ͑Q͒ dependence, we have used the orientationally averaged Chudley-Elliott model. 20 The corresponding form of ⌫ 1 ͑Q͒ is
where d is the mean time between two successive H jumps leading to long-range diffusion, and L is the effective jump length. The fits of Eq. ͑2͒ to the data are shown by the solid curves in Figs. 2 and 3. The temperature dependence of the H jump rate d −1 resulting from the Chudley-Elliott fits is presented in Fig. 4 . This temperature dependence can be satisfactorily described by the Arrhenius law
where E a d is the activation energy for hydrogen diffusion. The solid line in Fig. 4 
We assume here that the tracer correlation factor 23 for H diffusion is equal to 1. This assumption is only valid at low H concentrations. In ZrMn 2 H 3 , one-fourth of all available Zr 2 Mn 2 interstitial sites are occupied by H atoms. For this occupancy, the absolute values of D determined from Eq. ͑4͒ may be overestimated by up to 20%. However, the relative changes in D with temperature should be described correctly. 
C. Localized hydrogen motion
The geometry of the localized H motion can, in principle, be derived from the Q dependence of the elastic incoherent structure factor ͑EISF͒.
14,15 For QENS spectra described by Eq. ͑1͒, the "resolution-limited" EISF is defined as
Assuming that the purely elastic component of these QENS spectra is dominated by the hostmetal contribution to the incoherent scattering function, we can conclude that the EISF for the hydrogen sublattice is given by the ratio A 1 / ͑A 1 + A 2 ͒. As examples of the data, Figs. 6 and 7 show the Q dependences of the EISF for the H sublattice at several temperatures. For the measurements at other temperatures, the Q dependences of the EISF have similar shapes. As can be seen from Fig. 6 , there is a reasonable agreement between the results obtained using different spectrometers at different values of the incident neutron wavelength. It is also evident that the measured EISF is temperature dependent, decreasing with increasing T. This feature is common for all the studied Laves-phase hydrides. [1] [2] [3] [4] [5] 12, 13 In order to account for this feature, we have to assume that only a fraction p of the H atoms participates in the fast localized motion, and this fraction increases with temperature. The existence of a fraction 1 − p of "static" protons ͑on the frequency scale determined by the spectrometer resolution͒ is expected to originate from the H-H interaction leading to the formation of some ordered atomic configurations at low temperatures. 2 As the temperature increases, such ordered configurations should be progressively destroyed by thermal fluctuations; this results in the observed growth of p with increasing T.
We now turn to a discussion of the atomic-scale picture of the fast localized hydrogen motion in ZrMn 2 H 3 . According to the neutron diffraction data for ZrMn 2 D 3 , 18 hydrogen atoms occupy only the tetrahedral sites with Zr 2 Mn 2 coordination. There are four inequivalent types of such sites in the C14-type lattice: 6h 1 , 6h 2 , 12k, and 24l. The spatial arrangement of these sites is shown in Fig. 8 . As in the case of the C15-type structure, the sublattice of Zr 2 Mn 2 sites consists of hexagons; however, these hexagons are formed by inequivalent sites. Type I hexagons are in the basal plane; they are formed by alternating h 1 and h 2 sites. Type II hexagons are formed by two k and four l sites in the sequence k-l-l-k-l-l. The sublattice of interstitial Zr 2 Mn 2 sites shown in Fig. 8 is characterized by five distances between the nearest neighbors: r 3 ͑h 1 -h 2 , within type I hexagons͒, r 4 ͑l-l, within type II hexagons͒, r 5 ͑k-l, within type II hexagons͒, r 6 ͑h 1 -k, between type I and type II hexagons͒, and r 7 ͑l-l, between two type II hexagons͒. The values of these distances obtained using the positional parameters of D atoms at h 1 , h 2 , k, and l sites in ZrMn 2 D 3 ͑Ref. 18͒ are listed in Table I .
The structure of the sublattice of Zr 2 Mn 2 sites suggests two possible models of localized H motion. The first possibility is that a hydrogen atom jumps over sites forming a hexagon. This model is consistent with the fact that the distances between the nearest sites within the hexagons ͑r 3 , r 4 , r 5 ͒ are somewhat shorter than the distances between the nearest sites on different hexagons ͑r 6 , r 7 ͒, see Table I . Neglecting the difference between type I and type II hexagons, we may try to use the standard model of jumps between six equidistant sites on a circle of radius r ͑Refs. 14 and 15͒; the corresponding orientationally averaged form of the EISF is given by
͓1 + 2j 0 ͑Qr͒ + 2j 0 ͑Qr ͱ 3͒ + j 0 ͑2Qr͔͒,
͑5͒
where j 0 ͑x͒ is the spherical Bessel function of zeroth order and r is the weighted average of r 3 , r 4 , and r 5 . Such a model was used previously for the analysis of QENS data for C14-type ZrCr 2 H x ͑Ref. 12͒ and HfCr 2 H x . 13 Since the shortest distance between Zr 2 Mn 2 sites in ZrMn 2 H 3 is r 4 ͑see Table I͒, the second possibility corresponds to back-and-forth H jumps between two l sites on type II hexagons. For the two-site model of the localized motion, the orientationally averaged EISF is given by
It should be noted that the period of the oscillatory Q dependence of the EISF described by Eqs. ͑5͒ and ͑6͒ is determined by the corresponding intersite distances ͑r or r 4 ͒, while the value of p is responsible only for the amplitude of these oscillations.
Comparison of the experimental Q dependences of the EISF with the models represented by Eqs. ͑5͒ and ͑6͒ indicates that only the two-site model is consistent with the data. The solid curve in Fig. 6 shows the fit of the two-site model ͓Eq. ͑6͔͒ to the EISF data at T = 250 K; the corresponding fit parameters are p = 0.296± 0.015 and r 4 = 1.15± 0.02 Å. Note that the value of r 4 resulting from the fit is very close to the actual nearest-neighbor l-l distance ͑1.16 Å, see Table I͒. The two-site model with the fixed r 4 = 1.16 Å also gives a reasonable description of the EISF data at the other temperatures ͑see, for example, the solid curves in Fig. 7͒ . The dashed curve in Fig. 6 shows the behavior predicted by the six-site model ͓Eq. ͑5͔͒ with the fixed r = 1.22 Å. It can be seen that, in the Q range 2.3-3.3 Å −1 , the six-site model predicts an increase of the EISF with increasing Q, whereas the experimental EISF decreases in this range. Thus, the sixsite model is inconsistent with the observed Q dependence of the EISF.
For the two-site model, the relation between the halfwidth ⌫ 2 of the broader quasielastic line and the jump rate l −1 of the localized H motion is given by 14 ⌫ 2 =2ប l −1 . The values of l −1 derived from the half-widths of the broader quasielastic line at different temperatures are shown in Fig.  4 . As can be seen from this figure, the temperature dependence of l −1 is considerably weaker than that of feature is common for all the studied Laves-phase hydrides showing two frequency scales of H motion 1, 24 and is consistent with low barriers for the localized H motion. Furthermore, the temperature dependence of l −1 seems to deviate from the Arrhenius behavior. It should be noted that the intensity of the broader quasielastic line decreases with decreasing temperature; this limits the l −1 measurements at T Ͻ 225 K. Another limiting factor is the low-temperature ordering of hydrogen; according to the neutron diffraction measurements for ZrMn 2 D 3 , 19 the ordering of D atoms occurs below 230 K. At room temperature, the jump rate l −1 is a factor of 15 higher than d −1 . The ratio d / l increases with decreasing temperature ͑up to 60 at 225 K͒.
The temperature dependence of p resulting from the fits of the two-site model to the EISF data is shown in Fig. 9 . The usual approach to the description of p͑T͒ is based on the assumption of a certain energy gap ⌬E between static and mobile H states ͑see, e.g., Ref. 25͒. In this case,
where b m is the relative degeneracy factor of mobile states. The dashed line in Fig. 9 shows the fit of this model to p͑T͒; the resulting values of the fit parameters are ⌬E = 132± 9 meV and b m = 150± 50. It should be noted, however, that in the studied range 225-390 K, the temperature dependence of p can also be described by other functions including a linear function. 2 We now return to a discussion of the effective jump lengths L derived from the Chudley-Elliott analysis of ⌫ 1 ͑Q͒. As mentioned above, these values appear to be larger than the distances between the nearest-neighbor interstitial sites ͑r 3 -r 7 ͒. This feature can be naturally accounted for in terms of the model of H motion with two frequency scales: the rate l −1 of jumps within a small group of sites ͑in our case, within a pair of l sites͒ and the rate d −1 of jumps between such groups, d −1 Ӷ l −1 . As explained in Refs. 2 and 12, this model implies that d is the mean residence time of a hydrogen atom at a group of closely spaced sites ͑not at a single interstitial site, as is commonly assumed͒. Since a hydrogen atom may enter an l-l pair through one site and leave it via another site, the total displacement for the time d is the distance between the nearest sites at different l-l pairs plus the additional displacement between the initial and final positions of a hydrogen atom at the pair. The half-width ⌫ 1 is determined by the slower frequency scale d −1 ; therefore, the apparent jump length L derived from the Q dependence of ⌫ 1 would be larger than the distances between the nearest-neighbor interstitial sites. More precisely, we expect a distribution of L values ranging from 1.31 Å ͑the nearest distance between l sites on different hexagons͒ to ϳ2.0 Å ͑the distance between the centers of two l-l pairs͒. Hence, the average value L Ϸ 1.7 Å derived from the Chudley-Elliott analysis seems to be reasonable.
Summarizing the results related to the microscopic picture of H motion in ZrMn 2 H 3 , we conclude that the fastest H jump process corresponds to back-and-forth jumps within l-l pairs on type II hexagons. This localized motion determines the behavior of the broadest component of the QENS spectra. While the detailed microscopic picture of H motion may include even more than two frequency scales, our simplified description implies that all the slower jump processes are characterized by a single rate d −1 responsible for the longrange H diffusion. In the temperature range 225-390 K, this rate is a factor of 5-60 lower than the jump rate l −1 for the localized H motion.
D. Comparison with other Laves-phase hydrides
In order to discuss the systematics of H jump motion in hexagonal Laves phases, it is useful to compare the hydrogen sublattices in different C14-type hydrides. Included in Table  I are the distances between the nearest-neighbor A 2 B 2 sites partially occupied by hydrogen in C14-type ZrCr 2 D 3.8 and HfCr 2 D 0.8 . These distances are derived from the roomtemperature neutron diffraction measurements for ZrCr 2 D 3.8 ͑Ref. 26͒ and HfCr 2 D 0.8 . 27 As can be seen from Table I , the relation between the distances r 3 -r 7 changes from one compound to another. This results mainly from the fact that the positional parameters of hydrogen atoms at the same sites in different compounds differ from each other. The common feature of the hydrogen sublattices for all three compounds in Table I is that the distances r 6 and r 7 ͑between the sites on different hexagons͒ are longer than r 3 , r 4 , and r 5 ͑between the sites within type I and type II hexagons͒. However, the relations between r 3 , r 4 , and r 5 show significant changes from one compound to another. While for ZrMn 2 D 3 the distance r 4 is definitely the shortest one, for ZrCr 2 D 3.8 , the shortest distances r 4 and r 5 are nearly the same. Therefore, the fastest H jump motion in ZrCr 2 H x is likely to be represented by H jumps within type II hexagons. For HfCr 2 D 0.8 , the shortest distance is r 3 , so that the fastest H jump motion in HfCr 2 H x can be attributed to localized H jumps within type I hexagons. It should be noted that the six-site localized H motion is consistent with the QENS data for ZrCr 2 H x ͑Ref. 12͒ and HfCr 2 H x ͑Ref. 13͒ however, in Refs. 12 and 13, the actual positional parameters of hydrogen atoms were not taken into account, and the data were interpreted in terms of "average" hexagons.
The considerations presented above show that in hexagonal Laves-phase hydrides, the microscopic picture of H jump motion may change qualitatively from one compound to another. This situation is similar to that for cubic ͑C15-type͒ Laves-phase hydrides for which the fast localized H motion changes from six-site jumps in TaV 2 H x ͑Ref. 2͒ and HfMo 2 H x ͑Ref. 3͒ to two-site jumps in YMn 2 H x . 5 For C15-type hydrides, such a change is related to the change in the structure of the sublattice of the A 2 B 2 interstitial sites corresponding to the transition from r 2 Ͼ r 1 to r 2 Ͻ r 1 . In turn, the ratio r 2 / r 1 is determined mainly by the ratio of the metallic radii of the elements A and B, R A / R B , 1, 24 being nearly independent of H concentration. It is likely that the ratio R A / R B also plays an important role for the mechanism of H motion in C14-type hydrides; however, the corresponding relation is difficult to define because of the complexity of the hydrogen sublattice in hexagonal Laves-phase hydrides.
In Table II , the motional parameters of hydrogen in ZrMn 2 H 3 are compared with those in some other Lavesphase hydrides. Included in Table II in C14-type hydrides allow one to probe both frequency scales of H motion at a certain temperature in a single experiment using a time-of-flight spectrometer. For compounds with high d / l ratios ͑such as C15-type TaV 2 H x ͒, both frequency scales can be probed only by combining two experimental techniques, for example, time-offlight QENS and backscattering QENS or NSLR measurements.
IV. CONCLUSIONS
The analysis of our quasielastic neutron scattering data for C14-type ZrMn 2 H 3 has shown that the diffusive motion of hydrogen in this system can be described in terms of at least two jump processes with different characteristic frequencies. The faster process with the jump rate l −1 corresponds to localized H motion, and the slower process with the jump rate d −1 is associated with H jumps leading to long-range diffusion. The ratio of the jump rates for these two processes, d / l , is found to change from 5 at 390 K to 60 at 225 K. For the localized motion, our results are consistent with backand-forth jumps of H atoms within pairs of closely spaced 24l sites. Comparison of the structural and QENS results for ZrMn 2 H 3 with those for C14-type ZrCr 2 H x and HfCr 2 H x shows that small changes in the structure of the hydrogen sublattice may lead to a qualitative change in the mechanism of H motion.
The temperature dependence of the slower jump rate d 
